Staphylococcal alpha-toxin and a toxin fragment were labeled with N-succinimidyl [2,3-3H]propionate. The labeled compounds retained >95% biological activity. The distribution of labeled staphylococcal alpha-toxin and alpha-toxin fragment after intravenous administration to BALB/c mice was studied with whole-body and microautoradiography. The animals were divided into three groups that received (i) labeled alpha-toxin only, (ii) labeled alpha-toxin after prior injection of unlabeled fragment, or (iii) labeled fragment only. After 5 min, the distribution patterns were similar in groups 1 and 2, with the highest amounts of radioactivity found in the blood vessels, liver, spleen, lungs, and kidneys, whereas the labeled fragment alone showed no initial accumulation in the lungs. The kidneys continued to show a high concentration of radioactivity, whereas the levels at 60 min had decreased in the other organs. The toxin showed continued stable binding to the proximal tubuli, whereas the toxin fragment seemed to dissociate and was found only in small amounts in the glomeruli. No radioactivity was found in the central nervous system.
Alpha-toxin from Staphylococcuis aureius is a protein (Mr, 33,000) with multiple biological activities, including lethality, dermonecrosis, hemolysis, and membrane damage to cultured mammalian cells (18, 37) .
The mode of action of alpha-toxin has been studied extensively, mostly in erythrocytes (3, 10, 12, 13, 24) but also in different types of cultured mammalian cells (6, 33, 36, 38) . The exact mechanism of action is not known, but at high concentrations toxin monomers form hexameric ring structures on contact with artificial and natural membranes (1, 2, 19, 20) . The toxin penetrates the membrane, thus creating functional pores with an inner diameter estimated to be 1 to 3 nm (20, 34) . A hypothetical model for the assembly of alpha-toxin was recently presented (41) .
The in vivo target for the lethal action of alpha-toxin has not been identified. Different research groups have reported changes in the cortical electric activity of the brain on intravenous and intracerebral administration of the toxin and have suggested that part of the brain or other parts of the central nervous system (CNS) could be the prime target (15) (16) (17) 30) . Other workers reported profound effects on the homeostasis of pulmonary circulation upon toxin exposure (36) .
The in vivo distribution of alpha-toxin in rabbits has previously been investigated by using indirect fluorescence on tissue slices (21) and by using liquid scintillation on tissue extracts after injection of 131I-alpha-toxin (25) . However, it was not reported whether the biological activity was retained after toxin labeling. Until recently, all attempts to iodinate alpha-toxin without loss of biological activity appear to have been futile (10) (11) (12) (13) 26) . Upon iodination, up to 90% of the hemolytic activity was lost. However, a fully active iodinated toxin was recently obtained (35) .
Here we describe the labeling of alpha-toxin with Nsuccinimidyl[2,3-3HJpropionate as described by Bolton and Hunter (8) . The labeled toxin was indistinguishable from the * Corresponding author.
native toxin. This toxin and a previously described fragment of alpha-toxin (5, 7) were used to demonstrate the in vivo distribution of alpha-toxin in BALB/c mouse by whole-body autoradiography.
MATERIALS AND METHODS Alpha-toxin was produced from S. aureus Wood 46 and purified as previously described (43) . A native fragment derived from proteolytic cleavage and consisting of the C-terminal half of the alpha-toxin molecule lacked the cytotoxic and lethal effects (5, 7) . Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography were performed as earlier described (27, 39 Toxin and fragment administration and whole-body autoradiography. Three groups of mice were injected intravenously (0.25 ml) in one tail vein. Group 1 mice (n = 4) were each injected with 3.8 p.g (5.3 ,uCi) of 3H-alpha-toxin; group 2 mice (n = 5) were each preinjected with 25 p.g of unlabeled alpha-toxin fragment in 0.1 ml of 0.07 M PBS (pH 7.4), followed by 3.8 ,ug (5.3 ,uCi) of 3H-alpha-toxin 15 min later; and group 3 mice (n = 5) were each injected with 3.8 ,ug (4.9 ,uCi) of 3H-alpha-toxin fragment. The Ltd., Crawley, England) at about -40°C for 5 days. The specimens were then embedded in paraffin in vacuo and processed by a previously described micromethod (22) . Thus, about 5 ,um-thick sections were cut, attached to tape (no. 688; 3M St. Paul, Minn.), and pressed against nuclear plates (prepared from NTB-2 emulsion; Eastman Kodak Co., Rochester, N.Y.). After exposure for 2 to 3 months (at +2°C), the glass slides were placed in xylene for removal of the tape adhesive, passed through an ethanol series, developed, fixed, and rinsed. The sections were stained in hematoxylin-eosin and mounted in Eukit (O. Kinder, Freiburg, Federal Republic of Germany).
Thp formaldehyde-fixed samples were washed in 0.07 M PBS (pH 7.2) and dehydrated in an ethanol series before being embedded in hydroxyethylmethacrylate (Hjstoresin, Kulzer & Co. GmbH, Fredriksdorf, Federal Republic of Germany). Sections (1 p.m thick) were cut and dipped in NTB-2 liquid film emulsion (Eastman Kodak). The autoradiograms were developed after 2 to 3 months of exposure (at +2°C), and most sections were stained with hematoxylineosin. Some sections were stained with periodic acid-Schiff stain before being dipped in the liquid film emulsion and counterstained with Mayer hematoxylin after development of the autoradiograms.
RESULTS
Characterization of labeled alpha-toxin and fragment. On SDS-PAGE, the labeled products migrated as native toxin and fragment as visualized by Coomassie blue R-250 staining and autoradiography (Fig. 1) . Alpha-toxin retained >95% of its hemolytic activity and full lethal activity after radiolabeling. Furthermore, the labeled toxin was cytotoxic and interacted with mammalian cell membranes to form hexamers (data to be published separately). The tritiated preparations had specific activities of approximately 1.2 to 1.4 ,uCi/,ug.
Whole-body autoradiography. The results of the distribution studies are summarized in Table 1 (see also Fig. 2 to 4 ).
(i) Group 1 (3H-alpha-toxin only). No animal receiving only alpha-toxin survived for more than 5 min. There were no signs of massive hemolysis. The distribution pattern of the toxin showed no specific organ accumulation. The highest concentrations were found in the blood vessels, liver, lungs, and kidneys. No radioactivity -was found in tissues of the brain or other parts of the CNS (Fig. 2) .
(ii) Group 2 (unlabeled fragment followed by 3H-alphatoxin).. As reported earlier (7), the lethal effect of intraperitoneally administered alpha-toxin could be blocked by preinjection of the toxin fragment. In the present study, we blocked the lethal effect of intravenously administered intact 3H-alpha-toxin by preinjection of unlabeled fragment. The animals survived but showed signs of intoxication with VOL. 55, 1987 on January 26, 2018 by guest http://iai.asm.org/ tremor and rapid, shallow breathing. Five minutes after injection of 3H-alpha-toxin, the same distribution pattern was seen as with 3H-alpha-toxin only; i.e., the radioactivity was concentrated in the major blood vessels, liver, lungs, and kidneys. No radioactivity could be observed in the CNS. After 20, 60, and 90 min, almost all remaining radioactivity was concentrated in the kidneys, mainly in the cortical area (Fig. 3) . A minor amount of radioactivity was found in other parenchymal organs. No radioactivity could be detected in the brain or other parts of the CNS.
(iii) Group 3 (labeled alpha-toxin fragment). Five minutes after injection, large amounts of radioactivity were found in the blood vessels, liver, spleen, and (with the highest concentrations) kidneys. Low levels of radioactivity were seen in the lungs as compared with groups 1 and 2. After 20 min and 1, 4, and 24 h, the radioactivity in the kidneys was more accentuated than in other tissues, but there was a reduction over time and the remaining radioactivity was located mainly in the glomeruli (Fig. 4) .
Microautoradiography. (i) Alpha-toxin fragment and 3H-alpha-toxin. Five minutes after injection of 3H-alpha-toxin (after prior injection of unlabeled fragment), massive accumulation of radioactivity was seen in the tubuli of the kidneys. The (16) and, more recently, purified alpha-toxin (15, 17 (25) .
In the present study, no traces of radioactivity could be detected in the brain or other parts of the CNS, yet intravenous administration of the radiolabeled alpha-toxin (without preinjection of the unlabeled fragment) killed the animals within minutes. Since transfer of a protein molecule of 33,000 Mr across the blood-brain barrier is unlikely (9, 28, 29) , the previously described localization of alpha-toxin in the brain (25) stain that the bound radioactivity was localized only to the proximal tubuli (Fig. 5A) . Massive label accumulation was not noticed in tissues of other organs.
Four hours after injection, a similar distribution pattern was observed, except that the concentration of radioactivity in other organs had decreased further. In the kidneys, the radioactivity was concentrated in the proximal tubuli, but in A the distal tubuli hyaline masses could be seen, indicating tubule damage (Fig. 5B1) . Minor amounts of hyaline material
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(ii) 3H-alpha-toxin fragment. Five minutes after injection of labeled fragment, the radioactivity was concentrated in the proximal tubuli of the kidneys, as with 3H-alpha-toxin (Fig. 6A) . No comparable accumulation of radioactivity was noted in tissues of the other organs investigated.
Four hours after injection, only a small fraction of radioactivity remained detectable in the kidneys. It was now concentrated in the glomeruli and not the proximal tubuli (Fig. 6B) . Furthermore, there was no sign of tissue damage in the kidneys or other organs. (35) . In this study, we applied another radio-3H-alpha-toxin fragment. Note the accumulation of label in the labeling method (8) by using N-succinimidyl [2,3-3H] propi-glomeruli (B). pound. The CNS effects might be of clinical importance in individuals suffering from intracerebral staphylococcal abscesses but do not seem relevant when the infectious focus is located elsewhere.
The initial (5 min) whole-body autoradiography patterns of radiolabeled alpha-toxin alone (group 1), unlabeled fragment followed by labeled alpha-toxin (group 2), and labeled fragment alone (group 3) were similar except for distribution to the lungs, where labeled alpha toxin showed a higher degree of binding than the fragment. This difference in the distribution patterns decreased over time, and at 1 h there was no apparent dissimilarity in the distribution of radioactivity between the two latter groups. The bulk of label was then concentrated in the kidney tubuli, in agreement with previous findings on rabbits after intravenous administration (21) . This distribution pattern resembles that of renal handling of other small proteins (14, 32 after injection of labeled toxin or fragment. Moreover, accumulation of toxin and fragment on and in the membranes and luminal parts of the proximal tubuli was revealed. Four hours after injection, the fragment had disappeared from the tubuli, whereas alpha-toxin was still bound. Thus, the fragment showed binding properties, as expected from previous studies (7) which suggested that the binding region was contained in the fragment. Conceivably, the fragment cannot assemble to form functional membrane-damaging structures (5) , explaining why its binding is only transient, whereas the intact toxin remains firmly bound. Whether this latter binding is accompanied by hexamer assembly and formation of transmembrane pores (20) cannot be deduced from the autoradiograms.
A plausible explanation for the lethal effect of alpha-toxin was recently suggested (4, 36) . Perfusion of isolated rabbit lungs with the toxin caused Ca' 2 influx and subsequent activation of the arachidonic acid cascade and release of highly vasoactive substances, leading to a rapid rise in pulmonary artery pressure and eventually to pulmonary edema. In that context it is interesting that alpha-toxin, but not the fragment, was localized in the lungs shortly after injection. Accumulation of alpha-toxin in the proximal kidney tubuli and subseqent signs of tissue damage obviously cannot explain the rapid lethal effect of alpha-toxin since kidney failure does not imply immediate death of the individual. However, this finding merits further studies regarding kidney function in staphylococcal infections.
In conclusion, whole-body autoradiography demonstrated that alpha-toxin accumulates in the kidneys, preferentially in the proximal tubuli. Contrary to what could be expected (15-17, 25, 30) , alpha-toxin was not found within the CNS. This distribution pattern of radiolabeled alpha-toxin suggests a different mechanism for the lethal action of alpha-toxin than that currently proposed.
